heteromorphism and provide an unexpected approach to link agronomic practices to improve 10 human nutrition and health by using seeds from the top and bottom halves of the canopy for 11 different purposes, with seeds produced in the lower half reserved for production of iron-rich soy 12 foods for human consumption.
Introduction

1
Legumes like soybean can contribute not only protein to the human diet but also minerals like 2 iron and zinc that are especially important for the health and nutrition of children and women. 3 According to the World Health Organization, iron (Fe) deficiency is currently the most 4 widespread mineral deficiency affecting more than 30% of the world's population 5 (http://www.who.int/nutrition/topics/ida/en/). One approach to control this problem is to increase 6 Fe intake via dietary diversification with Fe-rich foods. Although soybean seeds from a given 7 plant may appear physically homogeneous, it has long been known that seed produced at the top 8 of the canopy can have higher protein and less oil compared to seeds from the bottom of the 9 canopy (Collins and Cartter 1956 ). Subsequently it was demonstrated that positional effects are 10 observed with determinate as well as indeterminate soybeans (Escalante and Wilcox 1993a ) and 11 in normal protein as well as high-protein breeding lines (Escalante and Wilcox 1993b) . While 12 these effects on protein and oil concentrations have been documented to occur, they are 13 nonetheless not widely recognized today and there are no insights concerning possible 14 physiological mechanisms that may underlie these positional effects. There are many other seed 15 constituents and the full impact of canopy position on various aspects of seed composition is 16 unknown.
17
Several factors could affect the development of seeds at the top of the plant differently than 18 those at the bottom of the canopy. First, flowering in indeterminate soybean plants that were 19 used in the research occurs first at lower nodes; thus, there is the potential for seeds lower in the 20 canopy to develop over a longer period. While there is a lot of information about node position 21 and flowering, there are few reports that have documented differences in duration of the seed fill 22 period (SFP) as a function of node, although this effect has been demonstrated in cultivar 23 'Williams79' (Raboy and Dickinson 1987) . A second factor is that seeds lower in the canopy 24 also develop under altered environmental conditions in terms of temperature, irradiance, light 25 quality and humidity, which are recognized to impact seed composition (Wolf et al. 1982, 26 Carrera et al. 2011, 2009 ). The role of canopy microenvironment on seed composition needs 27 further investigation.
28
In the present study, we grew a core group of ten soybean lines in Urbana, IL, over 3- 
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Results
12
Canopy position affects soybean seed protein, oil and mineral concentrations 13 We investigated positional effects with a core group of ten soybean lines (Figure 1-table   14 supplement 1) grown in Urbana, IL, over a 3-year period. Main stems were harvested at maturity 15 and divided into four canopy position quadrants and the seeds collected from each quadrant were 16 analyzed separately for major storage products (protein and oil) and various minerals. Each 17 canopy gradient was normalized to a mean value of one and the values for each quadrant were 18 then expressed relative to the normalized mean. In this way, we could compare positional effects 19 for a given parameter across genotypes and years without the confounding effects of differences 20 in absolute values, but because the weather in each year of the study differed, the normalized slightly heavier than seeds produced at either the bottom or top of the canopy; however, the 27 storage product gradients were independent of seed weight variation. Storage product gradients 28 did not vary significantly across the three years of the study; however, absolute protein and oil 29 concentrations varied among the three years of the study (Figure 1-figure supplement 1) , This
30
. CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/036004 doi: bioRxiv preprint first posted online Jan. 6, 2016; is perhaps a result of weather that varied substantially in terms of temperature and precipitation 1 among the three growing seasons (Figure 1-table supplement 2) . 2 We also found that canopy position significantly affected the seed ionome, which comprises Cu, Cd and Zn were present at highest concentrations in seeds from the bottom of the canopy and 10 decreased progressively to the top of the canopy. Within this group, the profiles for Mg and Fe
11
were similar to one another in that variation was relatively low and the gradients were almost 12 identical across the three years. The relative changes in Fe concentration were much greater in Thus, water availability may be a major environmental factor impacting positional effects on the 24 seed ionome, and interestingly some minerals were affected (Ca, Mn, Cu, Zn, Sr) while others 25 (Mg, Fe, Co, Rb, Cd) were not. We also measured other minerals (B, Na, Al, P, S, K, Ni, As, Se The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/036004 doi: bioRxiv preprint first posted online Jan. 6, 2016; intermediate (10 to 100 ppm), and Na, Co, Ni, Cu, Sr, Mo, and Cd were present at trace levels (< 1 10 ppm).
2
Another way to compare canopy profiles for the minerals measured is to do an overall 3 correlation matrix of quadrant variation normalized to plot averages. In this way, one can look 4 across the entire data set for parameters that are correlated based on variation with nodal 5 position. A strong positive correlation would indicate that both components changed not only in 6 the same direction but also to the same relative extent. As shown in Figure 2A , only a few 
2004).
20
In addition to comparing parameters based on quadrant variation, it is also worthwhile to simply 21 compare plot averages, which will reflect genetic and environmental effects on absolute values 22 of the parameters. Figure 2B shows a dynamic matrix plot of correlations between plot means.
23
Compared to the corresponding plot that focused on quadrant variation (Figure 2A) , many more Accordingly, there was a significant negative correlation of Fe, S, and Zn with oil concentration.
30
Interestingly, there was also a strongly significant negative correlation of P with oil, whereas the 31 . CC-BY-NC-ND 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/036004 doi: bioRxiv preprint first posted online Jan. 6, 2016; positive correlation of P with protein concentration was relatively weak. The majority of mineral 1 correlations were positive in nature, with a maxi-cluster of Rb, Mn, Sr, Mg, Ni, and Na and a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/036004 doi: bioRxiv preprint first posted online Jan. 6, 2016; is that thinning affects the canopy positional effect on some but not all minerals. This suggests 1 that at least for Mg, Fe and Cu, the transport and homeostasis mechanisms are generally 2 independent of instantaneous environmental factors and the transport of sucrose and amino acids 3 into the developing seeds is not the sole factor driving their movement into seeds.
5
Seed fill period and seed composition 6 Another factor that could contribute to canopy position effects on seed composition is the 7 duration of the seed-fill period (SFP), which is affected by genetic and environmental factors and Iron concentrations of soybean seed products 23 Our results raise the question of whether soy food products made from seed from different 24 portions of the canopy would vary in terms of their mineral concentrations. Three of the most 25 common and simplest products to make from soybean seeds are flour, milk and okara (the 26 particulate material remaining after preparation of milk). Because Fe is one of the most critical 27 minerals to human health and anemia is a global epidemic, we focused our initial analysis on the
28
Fe content of these soy food products. We prepared flour from seven lines, and milk and okara The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/036004 doi: bioRxiv preprint first posted online Jan. 6, 2016; decreased progressively with canopy position of the seeds used. Thus, as would be expected the 1 concentration of seed Fe affects the concentration of Fe in the flour, milk or okara produced from 2 those seeds. Although many questions remain, the public health implications of our findings are 3 apparent. Given that mineral content of seeds, especially Fe, is important our results uncover 4 another source of variation that can be directly exploited.
6
The vegetative soybean ionome 7 The canopy effect on seed mineral concentration prompted us to look at the distribution of it is tempting to speculate that canopy seed gradient in Fe and Mg may be related to greater 3 stores of both metals in leaves lower in the canopy. Opposite patterns were observed for other 4 minerals (Ca, Mn, K, and Cu) suggesting that remobilization is either mineral specific or not 5 quantitatively important in delivery of minerals to developing seeds. 6 A final point to note is that the potential exists for some soil particles to adhere to vegetative 7 plant parts, especially lower in the canopy, while seeds are protected from soil contamination by 8 the pods. Since some minerals exhibited opposite patterns, it seems that soil adhesion could not 9 be completely responsible for the patterns observed. Developing seeds were analyzed to determine whether canopy position affected seed metabolism 13 sufficiently to explain the observed differences in protein and oil concentrations at maturity. To (Figure 7-figure supplement 2) . 23 In general, most metabolites did not show diurnal changes in concentration, but there were 6, 2016; contrast, the concentration of citrate in developing seeds was roughly equal among the three 1 samples ( Figure 7B) . These results suggest that seeds actually accumulate sucrose and to a 2 larger extent citrate as they increase in dry matter during seed fill (thereby negating the dilution Gly, and Thr were substantially higher in top seed at day 7 relative to bottom seed at day 1 (when 21 seed sizes were similar). Of those amino acids, Asn was present at the highest absolute 
direct implications for human nutrition in countries where plants are the main source of protein 1 and soybeans are used for human food. These conclusions are discussed in more detail below. Positional effects on seed mineral concentration are documented 10 The concentration of minerals in seeds reflects the combined action of transport processes and 11 regulation at multiple steps starting with mobilization from the soil, uptake into the root, and 12 transport to the shoot for distribution among organs (Grusak, DellaPenna, and Welch 1999, 13 While multiple seed constituents exhibited canopy concentration gradients, it seems 24 unlikely that they are all caused by the same factors. Changing the microenvironment altered the 25 protein and oil gradients but did not affect observed gradients for most of the minerals ( Figure   26 3). Furthermore, while the slope of many gradients changes across lines, treatment and year, the 27 way that they change is not well correlated between the different constituents, as illustrated in the 28 plot normalized correlation matrix (Figure 2A) , where relatively few strong correlations among 29 the various parameters were apparent. However, numerous correlations were apparent when 30 mean plot values were compared ( Figure 2B ). Several minerals (e.g., P, Mn, Fe, Zn, S, and Co)
Waters and Grusak 2008). Deposition of some minerals in seeds can also involve remobilization
31
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1
Thus, some coordination between seed storage product accumulation and mineral uptake into 2 seeds is evident. However, the results suggest that total uptake of a mineral and the allocation where there might be some ecological significance. 6 Another area that will be interesting to explore is the impact of elevated CO 2 on the 7 canopy positional effects described in the present study. It was recently reported (Myers et al. 
28
To produce the thinning treatment, all but three plants were removed from each row shortly after 6, 2016; and the third plant was left in the middle in the row. The remaining plants were spaced 1 approximately 1 m apart.
2
Plants were harvested at maturity. All plants were cut close to ground level and brought 3 into the laboratory. Each stem was divided into four quadrants and the stem fractions in each 4 quadrant were threshed together for each plot. Only normal-sized plants were included in the 5 analysis, and extremely small, wrinkled or off-color seeds were manually removed from all 6 samples before analysis. To produce flour, soybeans were blanched (boiled for ~25 minutes) and then baked 10 before grinding. To produce soymilk and okara (remaining solids), soybeans were blanched
11
(boiled for ~5 min) twice and then ground in water and cooled slightly. The soymilk (liquid 12 phase) and okara (solid phase) were separated using a cheesecloth and then dried separately and 13 reground before analysis. Custom scripts were used to correct for internal standards and correct for sample weight. 
Metabolomic analysis
Metabolome analysis was done through Metabolomics Center, Roy J. Carver 1 Biotechnology Center, University of Illinois at Urbana-Champaign. Frozen seeds with attached 2 seed coats were homogenized in liquid nitrogen and about 25 mg FW was extracted at room 3 temperature with 1 mL of 50% methanol followed by addition of 800 µ1 of methanol:chloroform 4 (1:2) as outlined in Figure 7-supplemental figure 2 . Each extraction was followed by 5 centrifugation (5 min at 15,000 g), and the supernatants were collected. With the exception of 6 samples for analysis of coenzymes, final extracts were evaporated under vacuum at -60 °C and 7 subjected to GC/MS analysis. normalized to the internal standard (DL-p-Chlorophenylalanine) and sample fresh weight.
7
Amino acid concentrations were calculated based on 2ug/ml -75ug/ml standard curves. available on request.
13
The spectra of all chromatogram peaks were compared with electron impact mass spectrum instrument variability was within the standard acceptance limit (5%).
23
Metabolites with more than 50% of missing data were removed and for the rest of the The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/036004 doi: bioRxiv preprint first posted online Jan. 6, 2016;
Data analysis
1 Protein, oil, and elemental data were analyzed using R and the packages dplyr, ggplot2, 2 grid, reshape2, qtlcharts and gplots. All data and analysis scripts used in the analysis are 3 included as a supplemental file and are available on www.ionomicshub.org. The difference in plot normalized composition between the top quad and the bottom quad for 22 protein, oil and iron plotted versus the difference in seed fill period for 51 plots in 2012. The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/036004 doi: bioRxiv preprint first posted online Jan. 6, 2016;
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